INTRODUCTION {#SEC1}
============

Horizontal gene transfer (HGT) is important in bacterial evolution ([@B1],[@B2]). HGT refers to the non-inherited acquisition of DNA, which may be integrated into the chromosome of the recipient cell ([@B3]) or may be extra-chromosomal (e.g. plasmids or lytic bacteriophage). Horizontal transfer (HT) of DNA may occur via: (i) contact between bacteria (a process termed conjugation, which is often mediated by type IV secretion systems ([@B4],[@B5])); (ii) bacteriophage and gene transfer agents (a process termed transduction); (iii) uptake from the environment (a process termed transformation); (iv) nanotubes; and (v) membrane vesicles ([@B1],[@B3]). The horizontally acquired DNA often must evade destruction by restriction-modification (RM) systems ([@B6]) and other surveillance mechanisms including the CRISPR-Cas system ([@B7]). In addition, the expression of acquired genes may be silenced by factors such as the histone-like nucleoid structuring protein (H-NS) ([@B8]). HGT is more common between closely related bacteria because of these surveillance and silencing mechanisms and because homologous recombination is more likely between bacteria with similar DNA sequences and proteins (e.g. receptors that bind bacteriophage), and shared ecological niches ([@B9]).

One important aspect of HGT that has not been investigated is whether the presence or absence of DNA methylation on acquired DNA can be incorporated into chromosomes. DNA methylation is the covalent attachment of methyl groups at specific recognition sequences in the genome (e.g. GATC), which are mediated by DNA methyltransferases ('DNA methylases'). At these recognition sequences, methylation may occur on zero ('unmethylated'), one ('hemi-methylated') or two ('methylated' or 'fully methylated') DNA strands. A region of DNA may have different methylation states at different sites and this combination of states is referred to as the 'DNA methylation pattern'. A sequence that is fully methylated usually can only become unmethylated through DNA replication. DNA replication creates an unmethylated copy of the methylated template DNA strand resulting in hemi-methylated DNA. If potential sites for DNA methylation on the unmethylated strand are blocked by proteins or randomly missed by DNA methylases then a second round of DNA replication can generate double-stranded unmethylated DNA ([@B10],[@B11]). DNA methylation may affect the thermostability, bending and steric hindrance of DNA, which can alter the binding of transcription factors and other proteins ([@B10]). Because DNA methylation encodes important regulatory information, just like DNA bases, it has been referred to as the 'fifth base' ([@B12]). DNA methylation patterns regulate the transcription of genes in diverse processes including biofilm formation, conjugation, bacteriophage replication, transposition, the timing of chromosome replication and mismatch-repair ([@B10]).

Our knowledge of DNA methylation in relation to HGT into the chromosome is very limited. Studies of bacteriophages and plasmids have shown that methylated and unmethylated DNA can enter cells ([@B9],[@B13]). It is known that acquired DNA that does not have a specific methylation pattern may be cleaved or methylated by RM systems ([@B9],[@B13]). It has also been shown that transfection of bacteriophage lambda and plasmids with mismatched hemi-methylated DNA results in the recognition and repair of the unmethylated DNA strand by DNA adenine methylase (Dam) directed mismatch repair systems ([@B14],[@B15]). From all of these studies it is clear that methylation patterns on horizontally acquired DNA can at least temporarily persist in the bacterial cytoplasm but it has not been shown that these methylation patterns can then be transferred into the chromosome. Specifically, it is not known whether extra-chromosomal bacteriophage DNA and extracellular DNA that are acquired with unmethylated sites, which do not have proteins bound to them to 'protect' them from DNA methylases, can be transferred into the chromosome before they are methylated. In addition, for methylation patterns on horizontally acquired DNA to be transferred to the chromosome with high fidelity they need to remain unmodified during the processes of homologous recombination and subsequent chromosome replication; and it is not clear that this is the case given the involvement of DNA methylation and DNA replication in these processes. Lastly, for the HT of DNA methylation patterns into chromosomes to contribute to bacterial adaptation and evolution ([@B16],[@B17]) they must not only be able to persist through the entire process of HGT but also modulate the expression of genes and alter bacterial fitness, and this has not been demonstrated.

To investigate whether HT of DNA methylation patterns into the chromosome can occur we created a synthetic system. Synthetic systems complement and can provide advantages over theoretical and field studies ([@B18]) particularly for transient behaviors and mechanisms (including errors in transcription, translation and protein folding) ([@B18]--[@B22]). Our synthetic system was based on the *agn43* system in *Escherichia coli* (Figure [1](#F1){ref-type="fig"}). In this system, Dam methylates N6 in adenine at three GATC sites in the *cis*-regulatory sequence of the *agn43* gene ([@B23],[@B24]). DNA methylation at the GATC sites results in full transcription ('ON'). When the GATC sites are unmethylated they can be bound by the OxyR protein, which represses transcription ('OFF') ([@B23],[@B24]). Competition between Dam and OxyR for the GATC sites and the kinetics of the system result in stable ON and OFF expression states that are heritable with random switching between the states occurring in ∼10^−2^--10^−3^ cells per generation ([@B11],[@B23]--[@B26]). If neither Dam nor OxyR is present then *agn43* is transcribed at a 'partial' level between ON and OFF expression ([@B11],[@B27]). We previously found it difficult to distinguish the ON and OFF expression states by placing a fluorescent reporter directly under its control ([@B11]). Therefore, we used an amplification system where the *agn43 cis*-regulatory sequence, which is referred to as the '*agn43* region', regulates transcription of the T7 RNA polymerase gene ('*T7RNAP*'), which in turn regulates transcription of the cyan fluorescent protein gene (*cfp*) from the T7 promoter (PT7) ([@B11]). We stress that the system is a convenient tool to determine the DNA methylation pattern at a specific site and that our experiments were not designed to investigate *agn43 regulation* (including switching rates) or determine whether the native *agn43* system is horizontally transferred in natural populations.

![Regulation of the *agn43* switch. Competition between OxyR and Dam for three GATC sites in the *agn43* region results in five possible states, some of which have different levels of transcription ([@B11]). The relative magnitude of transition events between the states is indicated by arrow thickness. The kinetics of the system strongly favors the repressed, unmethylated (OFF) state and the fully methylated (ON) state. The other states are unstable in wild-type cells with OxyR and Dam. Notes: (i) hemi-methylation may occur on either DNA strand; and (ii) objects are not to scale.](gkw230fig1){#F1}

We performed three sets of experiments with our system. In the first set of experiments we demonstrated HT of DNA methylation patterns at a region of the chromosome that was transferred from donor cells to the chromosome of recipient cells by bacteriophage P1 ('phage') transduction. In the second set of experiments we showed that methylation patterns on extracellular DNA generated by polymerase chain reaction (PCR) and *in vitro* DNA methylation can be transformed and integrated into chromosomes. To our knowledge these two sets of experiments show for the first time that methylation patterns on acquired DNA may not only be transferred into the cytoplasm of bacteria but they may also be integrated into the chromosome and maintained for many generations. In the third set of experiments we modified our system by replacing the gene for CFP with the gene for SgrS RNA and then demonstrated that HT of DNA methylation patterns can increase or decrease cell fitness on different growth media. This last set of experiments shows that methylation patterns on acquired DNA can result in the positive or negative selection of cells that have had HGT and thus they may potentially contribute to the evolution of the genome.

MATERIALS AND METHODS {#SEC2}
=====================

Strains and plasmids {#SEC2-1}
--------------------

Details of strains, plasmids and oligonucleotides are in the Supplementary Methods, Tables S1 and S2, and Figure S1.

Bacteriophage P1 transduction {#SEC2-2}
-----------------------------

Bacteriophage P1 transduction was performed with donor phage prepared from Δ*dam* (HL23) and Δ*oxyR* (HL24) strains and added to wild-type, Δ*dam*, Δ*oxyR* and Δ*dam*Δ*oxyR* recipient cells (HL5786, HL6712, HL6794 and HL6713 respectively). A standard transduction protocol was used (Supplementary Methods) except for the SgrS experiments where sodium citrate-1× LB media was substituted with sodium citrate-1× M9 minimal media + 2% v/v glycerol. Cells were plated on agar with LB media, 1× M9 minimal media + 0.2% w/v glucose or 1× M9 minimal media + 2% v/v glycerol + 0.5% w/v methyl α-D-glucoside (α-MG; CAS\#97-30-3, Acros Organics from Fisher Scientific, Pittsburgh, PA, USA). All plates had 50 μg·ml^−1^ kanamycin, 34 μg·ml^−1^ chloramphenicol and 9 × 10^−2^ mg·ml^−1^ bovine liver catalase (Sigma Aldrich, St. Louis, MO, USA).

Transformations {#SEC2-3}
---------------

Transformations were performed using the lambda Red method ([@B28]). PCR product was amplified with the yeepupf and t7seqr991 oligonucleotides. An aliquot of the PCR product was methylated for \>12 h with Dam plus s-adenosyl methionine (additional methionine was added after 4 h) (New England Biolabs, MA, USA). The methylated PCR product was digested with MboI restriction endonuclease (New England Biolabs), which cuts unmethylated GATC sequences, and then the full length PCR product was gel extracted (Supplementary Figure S2). The number of colonies that grew on antibiotic selection divided by the number of colonies that grew without antibiotic selection (note: the latter is the number of viable cells after electroporation) yielded similar values for the transformation of unmethylated DNA and methylated DNA into wild-type recipient cells (∼1.44 × 10^−5^ and ∼1.36 × 10^−5^ integrations per viable cell respectively).

RESULTS {#SEC3}
=======

Bacteriophage P1 transduction of DNA methylation patterns {#SEC3-1}
---------------------------------------------------------

We first examined whether methylated and unmethylated *agn43* regions can be transferred by bacteriophage P1 transduction from donor cell chromosomes to recipient cell chromosomes (Figure [2A](#F2){ref-type="fig"}). The basic steps of the experiment are: (i) a strain was created with the *agn43* region regulating *T7RNAP* and with an adjacent chloramphenicol resistance gene (*camR*); (ii) from this strain we generated two donor strains that had *dam* or *oxyR* deleted and these were used to produce phage carrying unmethylated and methylated donor DNA respectively; (iii) these donor phages infected recipient cells, which have *cfp* under the control of PT7; (iv) cells that had successfully integrated the donor *agn43* region were selected on media with chloramphenicol; and (v) the percentage of selected cells with OFF and ON expression was measured. Recipient cells contained chromosomal *yfp*, which was constitutively transcribed, so that colonies arising from successful transduction of donor DNA into recipient cells could be distinguished from any possible donor cell carry-through (*i.e*. in case some cells survived treatment of the lysate with chloroform) by measuring YFP fluorescence.

![Bacteriophage P1 transduction of methylated and unmethylated DNA sequences. Symbols are defined in Figure [1](#F1){ref-type="fig"}. (**A**) Schematic of experimental workflow. Asterisks indicate DNA adenine methylation. All genes are chromosomal except *cfp*, which is on a plasmid. Recipient cells also contained a chromosomal copy of *yfp* that was constitutively transcribed (not shown). Note: OxyR and Dam proteins shown in transduced cells are from the recipient cell and are not transmitted from the donor cell via phage. Donor strains are HL23 (Δ*dam*) and HL24 (Δ*oxyR*). Recipient strains are HL5786 (wild-type), HL6712 (Δ*dam*), HL6794 (Δ*oxyR*) and HL6713 (Δ*dam*Δ*oxyR*). (**B**) Fluorescence and brightfield (with phase condenser annulus 3) microscopy of colonies. Scale bar is 500 μm. Red arrow indicates the location of the OFF colony. (**C**) Percentage of OFF, ON and mixed colonies. Error bars are the standard error of the mean (SEM) of 15 biological replicates. § OFF expression could not be distinguished from the partial level of expression expected in Δ*dam*Δ*oxyR* strains ([@B11]) by fluorescence microscopy.](gkw230fig2){#F2}

We predicted that the transduction of methylated and unmethylated donor DNA into wild-type recipient cells (which have Dam and OxyR) would lead to a greater percentage of ON and OFF cells respectively. Importantly, we did not expect the percentages to be 100% ON and 100% OFF respectively because cells can switch states. We compared the percentage of OFF and ON expression cells rather than the absolute number of colonies so the results did not depend on the donor phage titer or whether recipient cells preferentially uptake, cleave and/or integrate methylated or unmethylated DNA. We tested two methods for measuring the percentage of cells with OFF and ON expression: (i) counting colonies; and (ii) flow cytometry (Supplementary Methods and Figure S3).

The colony counting method has the advantage that cells are plated on selective media 4 h after transduction and each cell gives rise to a colony. Therefore, the percentage of colonies with predominantly OFF and ON expression provides a snap-shot of the percentage of cells with OFF and ON expression at the time of plating. Another advantage of this method is that large and small colonies are equivalent in calculating the percentage of OFF and ON cells therefore it is to some extent independent of their growth rates. 'Mixed' colonies with OFF and ON cells (defined as \<70% OFF or ON cells) occur due to switching during the growth of the colony (Supplementary Figure S4). The founding cell of most mixed colonies is likely to be an ON cell (see transformation experiments below). In contrast to colony counting, flow cytometry was unable to measure the percentage of OFF and ON cells at 4 h post-transduction (or even after 7 or 8 h; Supplementary Figure S3C and D) but it could do so after 16 or more hours (Supplementary Figure S3E and F). However, the 16 h growth period increased the percentage of OFF cells (Supplementary Figure S3G) because of their faster growth (doubling times for OFF and ON cells are 25.42 ± 0.16 and 29.92 ± 0.36 min respectively; Supplementary Figure S5). Flow cytometry measurements also showed more variation among the replicate cultures in the percentage of OFF cells than colony counting measurements; this was probably due to the long growth period in the former amplifying small differences in the percentage of OFF and ON cells (Supplementary Figure S3F, G). Because colony counting can provide more accurate and precise measurements of the percentage of OFF and ON cells, and can measure these percentages after a shorter period post-transduction, it was used for subsequent experiments.

We found the percentages of OFF, ON and mixed colonies arising from the transduction of methylated and unmethylated donor DNA were significantly different (chi-square test; *χ*^2^ = 5240.6, *n* = 7581, *P* \< 0.0001). Transduction of wild-type recipient cells with an unmethylated *agn43* region (Δ*dam* donor) resulted in 98.4 ± 1.0% OFF, 0.3 ± 0.1% ON and 1.3 ± 0.8% mixed colonies (15 biological replicates; *n* = 1856) (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). In comparison, transduction of wild-type recipient cells with a methylated *agn43* region (Δ*oxyR* donor) resulted in 9.2 ± 0.8% OFF, 67.1 ± 2.5% ON and 23.1 ± 2.3% mixed colonies (15 biological replicates; *n* = 5725). ON and OFF colonies had reversible switching, which is consistent with an epigenetically determined phenotype. When streaked out, OFF colonies gave rise to 5.0 ± 2.2% ON colonies (three biological replicates; *n* = 173) and ON colonies gave rise to 57.0 ± 0.9% OFF colonies (three biological replicates; *n* = 200).

In control transduction experiments with Δ*dam*, Δ*oxyR* or Δ*dam*Δ*oxyR* recipient cells, the methylation state of the donor DNA did not affect the percentages of OFF, ON or mixed colonies. This result was expected because no matter what methylation pattern is present on the HT DNA, only an unmethylated or methylated state can be maintained when *dam* or *oxyR* is respectively deleted. Specifically, we found that the transduction of methylated or unmethylated donor DNA into Δ*dam* recipients resulted in only OFF colonies (*n* = 1309 and 747 respectively) \[note: the transduction of methylated donor DNA into Δ*dam* recipient cells resulted in one ON and one mixed colony but these were found to be due to the concurrent transduction of the *dam* gene from the donor strain\]. Conversely, the transduction of unmethylated or methylated donor DNA into Δ*oxyR* recipients always resulted in ON colonies (*n* = 668 and 1522 respectively). The transduction of unmethylated or methylated donor DNA into Δ*dam*Δ*oxyR* recipient cells always generated colonies that were OFF or had a partial level of expression (*n* = 1005 and 1739 respectively).

Our finding that the transduction of unmethylated and methylated donor DNA into wild-type cells generates primarily OFF and ON colonies respectively is consistent with DNA methylation patterns at the *agn43* region in donor cell chromosomes being successfully transferred to recipient cell chromosomes. The results cannot be explained by preferential degradation or recombination of unmethylated or methylated donor DNA in recipient cells. These mechanisms would be expected to produce different numbers of colonies but they would not be expected by themselves to produce different percentages of OFF and ON colonies with transduction of unmethylated or methylated donor DNA. For example, if only methylated donor DNA could avoid degradation by RM systems and recombine with the recipient cell chromosome then only ON colonies should form with methylated and unmethylated donor DNA (assuming some of the latter was methylated soon after entering the cell). An additional point of note is that the very high percentage of OFF colonies arising from the transduction of unmethylated donor DNA indicates that very little donor DNA is methylated by bacteriophage P1 encoded Dam ([@B29]).

*In vitro* DNA methylation and transformation of the *agn43* region {#SEC3-2}
-------------------------------------------------------------------

We next investigated whether the methylation state of 'naked' extracellular DNA (i.e. without any bound proteins) can be transferred via transformation to the chromosome of recipient cells (Figure [3A](#F3){ref-type="fig"}). The basic outline of this experiment is as follows: (i) PCR product was amplified containing 137 bp of the *yeeP*' pseudogene sequence (for recombination), the kanamycin resistance gene (*kanR*), 525 bp of the *agn43* region, and the first 48 bp of *agn43* coding sequence fused in frame with 1014 bp of *T7RNAP* sequence (for recombination); (ii) the PCR product was either methylated *in vitro* with Dam or not methylated; (iii) the methylated and unmethylated PCR products were transformed into wild-type recipient cells, which did not have the *agn43* region, but had *dam, oxyR* and *cfp* under the control of PT7 in the chromosome; (iv) successful chromosomal integrations were selected on media with kanamycin; and (v) the percentage of cells with OFF and ON expression was determined by colony counting. As previously mentioned, we compared the percentage of OFF and ON colonies rather than the absolute number of colonies so the results did not depend on whether recipient cells preferentially uptake, cleave and/or integrate methylated or unmethylated DNA. Note: complete *in vitro* methylation of the PCR product was confirmed using restriction endonucleases (DpnI and MboI) that are sensitive to methylation of the adenine in GATC sites (Supplementary Figure S2).

![*In vitro* DNA methylation and transformation of the *agn43* region. Symbols are defined in Figure [1](#F1){ref-type="fig"}. (**A**) Schematic of experimental workflow. Asterisks indicate DNA adenine methylation. All genes are chromosomal except the extracellular PCR product before transformation. \# indicates the PCR product only contained the first 1014 base pairs (bp) of *T7RNAP*. The recipient strain is HL6494 (wild-type). (**B**) Fluorescence and brightfield (with phase condenser annulus 3) microscopy of colonies. Recipient cells contained a chromosomal copy of *yfp* that was constitutively transcribed (not shown). Scale bar is 500 μm. Red arrow indicates the location of the OFF colony. (**C**) Percentage of OFF, ON and mixed colonies. Error bars are the SEM of two biological replicates.](gkw230fig3){#F3}

The transformation experiments differ from the transduction experiments in several aspects: (i) there is no *agn43* region in recipient cells; (ii) no donor cell factors (e.g. Dam or OxyR) can be horizontally transferred; (iii) the acquired DNA is completely synthesized and methylated *in vitro*; (iv) the length of the transformed DNA is much shorter than typically acquired by transduction; (v) *cfp* is on the chromosome at the location of the *yfjV'* pseudogene instead of on a plasmid; (vi) recipient cells are in an electrocompetent state instead of exponentially growing; and (vii) cells were grown for 4 h at 30°C post-transformation (instead of 37°C post-transduction).

Transformation of wild-type recipient cells with unmethylated DNA resulted in 97.6 ± 0.0% OFF, 1.4 ± 0.3% ON and 1.0 ± 0.3% mixed colonies (two biological replicates; *n* = 205), whereas transformation of wild-type recipient cells with methylated DNA resulted in 27.1 ± 5.8% OFF, 69.6 ± 2.9% ON and 3.4 ± 2.9% mixed colonies (two biological replicates; *n* = 151) (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). The percentages of OFF, ON and mixed colonies resulting from the transformation of the unmethylated and methylated *agn43* region were significantly different (*χ*^2^ value = 198.9, *n* = 356, *P* \< 0.0001). The OFF and ON colony phenotypes were shown to be reversible which is consistent with epigenetic regulation. When streaked out, OFF colonies gave rise to 6.3 ± 1.6% ON colonies (three biological replicates; *n* = 186) and ON colonies gave rise to 51.6 ± 0.2% OFF colonies (three biological replicates; *n* = 206).

The above experiments demonstrate that the methylation state of extracellular DNA can be horizontally transferred via transformation to recipient cell chromosomes. The percentage of OFF colonies arising from the HT of unmethylated DNA into wild-type recipient cells was similar in the transformation and transduction experiments (97.6 ± 0.0% and 98.4 ± 1.0% respectively). The percentage of ON cells arising from the HT of methylated DNA into wild-type recipient cells was also similar in the transformation and transduction experiments (69.6 ± 2.9% and 67.1 ± 2.5% respectively). As with the transduction experiments, the results cannot be explained by preferential transformation or survival of recipient cells with unmethylated or methylated extracellular DNA, which would be expected to produce different numbers of colonies but not different percentages of OFF and ON colonies. The transformation experiments show definitively that donor factors other than DNA are not required for the transfer and stability of acquired DNA methylation states.

The observation that transformation and transduction of unmethylated DNA result in almost 100% of recipient colonies being in the OFF state indicates the unmethylated *agn43* region can be stably maintained through the entire HGT process. In contrast, transformation and transduction of methylated DNA results in ∼70% of the recipient colonies being in the methylated state. The latter indicates there must be at least one step in the HGT process and/or subsequent rounds of DNA replication where DNA methylation is not maintained and cells switch to the unmethylated OFF state. Furthermore, while it appears that switching from the methylated ON state to the unmethylated OFF state occurs in the same percentage of cells it tends to occur later in the transduction experiments than in the transformation experiments. In the transduction experiments, cells tend to switch to the OFF state at least one cell division *after* plating resulting in 2.5-fold as many mixed colonies as OFF colonies. In the transformation experiments, cells tend to switch to the OFF state *before* plating resulting in 8-fold as many OFF colonies as mixed colonies. There are many possible reasons for the difference in the delay in switching from ON to OFF following transformation and transduction including different conditions and media used in the experiments, phage factors, host responses to phage, and the effects of being in an electrocompetent state.

Horizontal transfer of DNA methylation patterns affects cell fitness {#SEC3-3}
--------------------------------------------------------------------

We sought to demonstrate that the acquisition of DNA methylation patterns at a locus can in principle alter cell fitness through its effect on gene expression (Figure [4A](#F4){ref-type="fig"}). To do this we modified our synthetic system so that DNA methylation patterns in the *agn43* region control transcription of T7 RNA polymerase which in turn regulates transcription of the SgrS small RNA (in a strain with native *sgrS* deleted). SgrS can bind to the *ptsG* mRNA and decrease its translation and lifetime ([@B30]). The *ptsG* mRNA encodes the EIICB^Glc^ protein that is part of the phosphoenolpyruvate phosphotransferase system (PTS). Because this system transports glucose into the cell ([@B31]) it is often referred to as 'glucose permease'. EIICB^Glc^ also transports other sugars including methyl α-D-glucoside (α-MG), which is a toxic non-metabolizable analogue of glucose that competes for enzymes in glycolytic pathways ([@B32]). Therefore, SgrS inhibits glucose and α-MG uptake via its actions on the *ptsG* mRNA. SgrS is also translated under some conditions resulting in a small protein (SgrT) that directly inhibits glucose and α-MG transport ([@B33],[@B34]).

![Horizontal transfer of DNA methylation patterns affects cell fitness. Symbols are defined in Figure [1](#F1){ref-type="fig"}. (**A**) Schematic of synthetic circuit and the effect of DNA methylation patterns at the *agn43* region on SgrS transcription, glucose and α--MG uptake, cell growth and cell survival. All genes are chromosomal except *sgrS* which is on a plasmid. Purple arrows indicate whether a chemical species or process in the system increases or decreases with methylation at the *agn43* region. Red arrows indicate whether a chemical species or process in the system increases or decreases with no methylation at the *agn43* region. (**B**) Relative area of colonies generated by transduction of unmethylated and methylated donor DNA into recipient cells on different media. Horizontal line symbols indicate the mean relative area (which is unitless) of colonies for each strain and error bars are the SEM. Horizontal dash line indicates a relative area of 1, which occurs when colonies transduced with methylated and unmethylated donor DNA have the same size (i.e. the methylation pattern on the horizontally transferred DNA has no effect on fitness). Transduction of unmethylated and methylated donor DNA into: (i) wild-type recipient cells (HL6866) generated HL6870 and HL6871; (ii) Δ*oxyR* recipient cells (HL6869) generated HL6876 and HL6877; and (iii) Δ*dam* recipient cells (HL6868) generated HL6874 and HL6875.](gkw230fig4){#F4}

We chose to regulate SgrS because its transcription can increase or decrease cell fitness depending on conditions. DNA methylation at the *agn43* region was predicted to turn on SgrS transcription causing decreased cell growth and colony size on media containing glucose as the only carbon source (M9 minimal media + 0.2% w/v glucose), and increased cell growth and colony size on media containing α-MG (M9 minimal media + 0.5% w/v α-MG + 2% v/v glycerol) (note: glycerol is a carbon source that is not imported by glucose permease). An unmethylated *agn43* region was predicted to not induce SgrS transcription thereby causing increased cell growth and colony size on M9 minimal media + 0.2% w/v glucose and decreased growth and colony size on M9 minimal media + 0.5% w/v α-MG + 2% v/v glycerol. We confirmed all of these predictions in a pilot study (Supplementary Methods and Figure S6).

Having established that methylation patterns at the *agn43* region can positively and negatively affect cell fitness through our SgrS system we used it to demonstrate that HT of DNA methylation patterns via transduction into a wild-type recipient cell can affect the fitness of successful transductants. In this experiment, phage from methylated and unmethylated donor cells were transduced into wild-type, Δ*dam* or Δ*oxyR* recipient cells (which did not contain *cfp* or *yfp*). The procedure was similar to that in Figure [2A](#F2){ref-type="fig"} except that following transduction the cells were plated onto M9 minimal media + 0.2% w/v glucose, M9 minimal media + 0.5% w/v α-MG + 2% v/v glycerol or lysogeny broth (LB) media. LB media was a control for differences in transduction efficiency and growth rate. To measure fitness we calculated the 'relative colony area', which is a unitless metric, by taking the mean area of colonies transduced with unmethylated donor DNA and dividing it by the mean area of colonies transduced with methylated donor DNA. This metric is preferable to the absolute number of colonies because: (i) it is independent of donor phage titer and transduction efficiency; (ii) we found it works well for weak selection; and (iii) it only compares fitness in the same background and under the same conditions.

We found that HT of methylated and unmethylated *agn43* regions into wild-type recipient cells impacted cell fitness and selection as predicted (Figure [4B](#F4){ref-type="fig"}). The relative colony area was 1.49 ± 0.06 (two biological replicates, *n* = 837) when cells were plated on M9 minimal media + 0.2% w/v glucose indicating that cell fitness was greater when wild-type recipient cells were transduced with an unmethylated *agn43* region (resulting in no SgrS transcription and no inhibition of glucose uptake). In contrast, the relative colony area was 0.42 ± 0.01 (two biological replicates, *n* = 409) when cells from the same experiment were plated on M9 minimal media + 0.5% w/v α-MG + 2% v/v glycerol indicating cells were fitter when transduced with a methylated *agn43* region (resulting in SgrS transcription and inhibition of α-MG import). The relative colony area was ∼1 (0.95 ± 0.08; two biological replicates, *n* = 217) when the same cells were plated on LB media indicating there was no fitness advantage for the methylated or unmethylated donor DNA. In control experiments, methylated and unmethylated *agn43* regions were transduced into recipient cells with *dam* or *oxyR* deleted. In these control experiments, the relative colony areas were ∼ 1, which was expected because recipient cells have the same phenotype regardless of whether the donor DNA is methylated or unmethylated (Figure [4B](#F4){ref-type="fig"}). The exception was with unmethylated donor DNA transduced into Δ*oxyR* recipient cells and grown on M9 minimal media + 0.5% w/v α-MG + 2% v/v glycerol; in this case cells were non-viable and the colony size and relative colony area were zero. Therefore the fitness advantages associated with transduction of methylated or unmethylated DNA are not only reversed under different conditions but they also disappear in the controls with alternative carbon sources or no differences in SgrS transcription. Together these results demonstrate that transduction of methylated or unmethylated donor DNA can affect cell fitness and selection due to the effect of HT DNA methylation patterns on the regulation of gene expression.

DISCUSSION {#SEC4}
==========

In this study, we showed that DNA methylation patterns at the *agn43 cis*-regulatory region can be horizontally transferred into bacterial chromosomes by phage and by the transformation of extracellular synthetic DNA. Phage transduction is not believed to transmit donor cell proteins to recipient cells unlike conjugation ([@B35]) and in our transformation experiments the DNA was synthesized *in vitro* and then purified so there were no proteins bound to the DNA. Therefore, our experiments show it is the DNA methylation pattern itself, and not OxyR or some other factors bound to unmethylated or methylated DNA that propagates the methylation state of the *agn43* region from donor DNA or extracellular DNA into the chromosome of recipient cells. To our knowledge this is the first time that local DNA methylation patterns have been definitively shown to be horizontally transferred to chromosomes (note: prior studies had only shown the HT of DNA methylation patterns extending as far as the cytoplasm as described in the Introduction). Furthermore, our experiments show the HT of DNA methylation patterns at a *cis*-regulatory region can program different gene expression states in recipient cells to increase or decrease their fitness in different environments, and that this in turn can cause selection for and against cells that have had HGT. This suggests that in principle, DNA methylation patterns that accompany HGT could contribute to genome evolution (this is discussed in detail further below).

Our experimental system can be adapted to examine the HT of methylation patterns at other DNA sequences by substituting them for the *agn43* region, and used to track the spread of HGT and DNA methylation patterns in communities of bacteria including biofilms ([@B36]). In addition, our demonstration that *in vitro* DNA methylation can specify the state of a genetic switch and that this state can then be integrated into the chromosome and then potentially transferred to other cells via inheritance or additional HT could be harnessed in synthetic biology. This process could be used to turn on or off the transcription of acquired or pre-existing genes in recipient cells to create subpopulations of differentiated cell types that are genetically identical. These differentiated cell types can be used to divide the labor of complex and metabolically burdensome processes thereby making individual cells fitter, create communities that are capable of more complex behaviors, decrease the emergence of cheaters and mutants in engineered populations and generate diversity so the population is better able to survive a wider variety of conditions ([@B37]--[@B40]). One of the advantages of using the *agn43* system as a switch to program gene expression states is that the ON and OFF states are determined by DNA methylation, which is a stable covalent modification that can be horizontally transferred to cells by many mechanisms. Other advantages of using the *agn43* switch are: (i) the number of regulatory components does not need to increase with the number of switches as with most systems because the state of each switch is independent; (ii) the stability of the expression states can be modulated independently of the transcription levels by altering OxyR and Dam concentrations and/or modifying the *cis*-regulatory sequence ([@B11],[@B27]); and (iii) the capacity for *in vitro* programming to avoid the use of *in vivo* induction agents and their effects on cell physiology ([@B41]).

Our synthetic system was designed to only test whether it is mechanistically possible for DNA methylation patterns to be horizontally transferred to chromosomes, program gene expression and alter fitness. Care must be taken in attempting to directly extrapolate specific findings to specific natural systems because of differences. For example, we transformed double stranded DNA into the cytoplasm of electrocompetent cells whereas single stranded DNA is translocated into the cytoplasm with natural transformation in many bacteria ([@B4],[@B5]). Having said this, there are features that are shared between our experiments and HGT in natural populations, and the general principles arising from our findings are likely to have broad relevance.

As mentioned in the introduction, HGT is most common among bacteria that have similar DNA sequences, proteins and RM systems, and shared ecological niches, which is the scenario examined by our experiments. HGT is less common between distantly related bacteria and organisms but it is certainly not rare. There has been substantial HGT between *E. coli* and *Salmonella* after they diverged 100--160 million years ago ([@B42],[@B43]) resulting in some genes that are almost identical ([@B44]). There is also evidence for HGT between bacteria and archaea, and between bacteria and eukaryotes ([@B2],[@B45]--[@B47]). In addition to transduction and transformation, HGT can occur via conjugation ([@B48]) and it may occur in multiple steps (e.g. novel DNA sequences and their associated methylation patterns could be acquired on plasmid DNA and then transferred to the chromosome via recombination ([@B9])).

DNA methylation regulates the expression of a wide array of genes in many types of bacteria including those involved in the timing of chromosome replication ([@B10],[@B49],[@B50]). Some of these genes that are regulated by DNA methylation have discrete alternate expression states that display random switching and heritability; this pattern of expression, which occurs with *agn43*, is termed 'phase variation' and is important in pathogenesis. In some cases, such as the pyelonephritis-associated pili (*pap*) operon in *E. coli*, phase variation is directly regulated by Dam. In other cases, it is the production of DNA methylases, which are part of type I, II and III RM systems, that are phase variable. The latter results in phase variable DNA methylation patterns in the genome (and consequently phase variable transcription of some genes) and has been observed in important human pathogens including *Neiserria meningitidis* and *Haemophilus influenzae* ([@B51]). One explanation for the evolution of phase variable regulation of RM systems is that it enables the temporary turning off of the RM system in a subset of cells to remove it as a barrier to HGT and the acquisition of new traits ([@B52],[@B53]). While there is no strong evidence to support this, it is noteworthy that DNA methylation also regulates the expression of genes in other processes that are important for HGT including phage replication and conjugation ([@B10]). DNA methylation can alter gene transcription through general effects on DNA by altering its thermostability, bending and steric hindrance ([@B10]), and by blocking sigma factor binding ([@B50]). Therefore the HT of DNA methylation patterns may affect gene transcription in recipient cells even if they do not have specific transcription factors such as OxyR whose binding is sensitive to DNA methylation.

HGT could possibly transfer DNA methylation patterns between bacteria that not only involve N6-methyladenine (which was examined in this study) but also N4-methylcytosine and 5-methylcytosine bases. Archaea and eukaryotes also have N6-methyladenine and 5-methylcytosine ([@B10]) therefore it is conceivable that DNA methylation patterns that are horizontally transferred among bacteria, archaea and eukaryotes could alter gene transcription, especially given the many mechanisms by which DNA methylation can alter transcription ([@B10]). However, HT of DNA methylation patterns between distantly related organisms will in most cases probably have only a transient effect because recipient cells are less likely to have DNA methylases and proteins with similar functions to those in donor cells, which are necessary to maintain the acquired patterns.

Any direct or indirect effects of horizontally transferred DNA methylation patterns on the expression of acquired or pre-existing genes can potentially alter cell fitness. Even a fitness advantage lasting less than one generation could under the right circumstances lead to selection as can occur with transient errors in transcription, translation and protein folding ([@B19],[@B20],[@B54]). Genotypes that increase the propensity of bacteria for HGT and HT of DNA methylation patterns could be selected for in the same way and for the same reasons as genotypes that increase DNA mutation rates; that is, these genotypes accelerate evolution and increase phenotypic diversity which is beneficial under some conditions ([@B55]). The advantages of HT of DNA methylation patterns to recipient cells include: (i) generating alternate transcription profiles from the same acquired DNA sequences; (ii) the ability to easily revert from a new phenotype back to the original phenotype by reversing the epigenetic mechanism (in contrast, it can be difficult to reverse a new phenotype that arises by random mutations) ([@B54]); (iii) providing pre-programmed epigenetic instructions so that transcription of acquired genes can begin immediately after transfer; and (iv) turning off the transcription of acquired genes so they do not immediately impact phenotype (but they can be turned on in the future when altering the phenotype is beneficial such as when the environment changes ([@B54],[@B56])). The HT of DNA methylation patterns may also benefit phage through the above effects on host cell fitness resulting in the selection of phage that help mediate HT of DNA methylation patterns and do not alter these patterns with their own methylases (as we observed).

It seems more likely than not that the HT of DNA methylation patterns has had a role in adaptation and evolution in natural systems during the last three billion years, at least under some conditions and in some organisms based on all of the factors mentioned above. That is, HGT is very common among bacteria, DNA methylation patterns readily accompany HGT (as we have shown), DNA methylation patterns can alter gene transcription by many mechanisms, and even transient changes in gene expression caused by altered DNA methylation could affect cell fitness. Because HGT often occurs between bacteria that are genetically similar it follows that acquired DNA sequences will often be the same or very similar to pre-existing sequences in recipient cells thereby making any co-acquired DNA methylation patterns potentially more important in generating alternate phenotypes. To be clear, under most circumstances the HT of DNA methylation patterns is not likely to be more important to adaption and evolution than the acquisition of novel DNA sequences which can have longer and more profound effects on phenotype. However, the HT of DNA methylation patterns and the HT of DNA sequences are not mutually exclusive and the acquisition of both DNA methylation patterns and DNA sequences will likely provide an organism with more information and greater flexibility in creating different phenotypes than acquisition of DNA sequences alone.

The contribution of HT of DNA methylation patterns to adaptation and evolution would be consistent with other mechanisms of storing epigenetic information that are horizontally transferred and can reprogram gene expression in recipient cells (including prions and other macromolecules) ([@B35],[@B57],[@B58]), which are also thought to play a role in evolution ([@B59],[@B60]). As with these other epigenetic mechanisms, future studies seeking to demonstrate the contribution of HT of DNA methylation patterns to the evolution of specific natural populations will be challenging because DNA methylation patterns and their effects are often transient ([@B59]). However, these studies should nonetheless be pursued because they will greatly add to our general understanding of adaptation and evolution via HGT, and because HGT is important (or potentially so) in the spread of antibiotic resistance and pathogenesis, reprogramming the gut microbiome and the development of human diseases ([@B61],[@B62]).

In conclusion, our findings provide direct evidence that the HT of DNA methylation patterns into bacterial chromosomes is mechanistically possible. This mechanism could contribute to bacterial adaptation and evolution, and it can be harnessed for novel strategies to program gene expression states in synthetic gene circuits.
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